Abstract. Phytolith analysis of grasses is a useful tool in palaeoenvironmental and archaeobotanical research. Lobate phytolith is one of the most important morphotypes of grass phytoliths. This study describes morphological variations of diagnostic lobate phytoliths and produces a tentative classification scheme based on 250 modern grass species from China and the south-eastern U.S.A. Eighty-five grass species were found to contain lobate phytoliths. They are derived mainly from Panicoideae, but also include the Chloridoideae, Oryzoideae and Arundinoideae subfamilies. Twenty-five lobate morphological types were observed from different subfamilies, genera or tribes of grasses, based on two important parameters: (1) the length of the lobate shank and (2) the shape of the outer margin of the two lobes. The identification of grass tribe or even genus is possible based on the differences in lobate shape parameters or the composition of assemblages. However, not all of the lobate assemblages have a definite relationship with the genera that produce them, because grasses can only produce a limited range of lobate shapes that often overlap from one genus to another. Several C 3 grasses and Chloridoideae subfamily grasses also produce characteristic lobate phytoliths. The variations of lobate morphologies can be related to environmental factors, especially moisture. Typical hygrophytic grasses tend to yield lobate phytoliths with very short shank, whereas typical xerophytic grasses tend to produce lobate phytoliths with a very long shank. The potential link between phytolith morphology, grass taxonomy and environmental conditions opens the possibility that phytolith morphology may be used as a proxy in palaeoclimatic reconstruction.
INTRODUCTION
are an important group of plants in a variety of environments (Gould & Shaw, 1983) . They are often the dominant plants in steppes or prairies, tundra, coastal marshes, pioneer or early successional communities, disturbed sites and in certain aquatic communities. Many important crops are grasses, such as maize, rice, wheat and sugar cane. Thus, the identification and classification of grasses from fossil assemblages are of great significance in palaeoecological reconstruction. Unfortunately, except for Zea mays (maize), the pollen of Gramineae cannot be identified below the family level (Fearn & Liu, 1997) . Thus, the use of grass pollen in palaeoecological reconstruction is limited. Grass phytoliths, on the other hand, offer a promising means to differentiate grasses at subfamily levels and, accordingly, to infer subtle changes in palaeoenvironmental conditions (Piperno, 1988; Fredlund & Tieszen, 1994 Alexandre et al., 1997; Runge, 1999) . In this paper, we focus on the predominant type of grass phytoliths -the lobate phytoliths, based on an investigation of 250 species of grasses from China and the southeastern U.S.A. Our objectives are twofold: (1) to document the morphological variations of lobate phytoliths in relation to grass taxonomy and (2) to investigate the relationship between lobate phytolith shapes and environmental factors, which may be useful for palaeoenvironmental reconstruction.
Background
Phytoliths are opal-A particles that precipitate within cells or between cells of living plant tissues (Piperno, 1988) . Although nonsilicic (calcareous) phytoliths do exist (Cummings, 1992) , most researchers (including the authors of this paper) use the term phytoliths to denote only the opal or silicic plant-cell inclusions, as defined above. Thus, phytoliths are also called silica bodies in the anatomical literature (Ellis, 1979) . Their sizes range from a few microns (µm) to about 150 µm. They are well preserved in various sediments, even in oxidized environments such as soils, loess and sand dunes (Kelly et al., 1991; Wang & Lu, 1993; Lu et al., 1996; Horrocks et al., 2000) .
Early phytolith researchers noted that the different subfamilies of grasses produce different phytolith shapes; for example, grasses of the subfamily Panicoideae produce dumbbell and cross-shaped phytoliths, whereas Pooideae (Festucoideae) grasses produce rondels and sinuous types, and Chloridoideae grasses produce saddleshaped phytoliths (Twiss et al., 1969) . All members of the grass subfamilies Panicoideae and Oryzoideae produce the bilobate (dumbbell) type of phytoliths. However, bilobate (dumbbell) phytoliths, thought previously to be the most diagnostic marker of the Panicoideae subfamily (Twiss et al., 1969) , are also present in the Chloridoideae and Arundinoideae subfamilies (Mulholland, 1989; Lu, 1998; Piperno & Pearsall, 1998; Lu & Liu, in prep.) .
Much confusion exists in the classification and descriptive terminology of grass phytoliths. Existing classification of grass phytoliths is based on the micromorphology of discrete silica bodies, which is independent of the orientation of the bodies in silica cells in the various vegetative parts of the individual grass plant (Twiss, 1992) . Unfortunately for palaeoecologists, the same grass species can produce different types of phytoliths (i.e. multiplicity), and many different species can produce the same shapes (i.e. redundancy) (Rovner, 1971) . In order to use phytoliths as a tool in environmental reconstruction and taxonomy, it is necessary to recognize morphological variations in phytoliths in different species of grasses.
Bilobate (dumbbell) phytolith, one of the most important morphotypes in grass phytoliths, has been identified consistently as a distinctive silica body (Twiss et al., 1969; Brown, 1984; Piperno, 1988; Kondo et al., 1994; Wang & Lu, 1993) . The term 'dumbbell' was first used by Metcalfe (1960) as a morphological term for the shape of some intercostal short cell phytoliths. It has gradually become a name given to a loosely defined group of phytoliths characterized by having two lobes joined by a shank. However, many subsequent researchers, including Brown (1984) , Fredlund & Tieszen (1994 and Piperno & Pearsall (1998) avoided using this term and favoured the alternative term 'bilobate'. As a morphological term, 'dumbbell' draws its analogy from an exercising equipment and makes sense only in the English language, whereas 'bilobate' is rooted in Latin and has a well-founded scientific meaning that is more comprehensible to non-English-speakers. For this reason, we follow the convention of these subsequent researchers and use the term 'lobate' to describe the morphological class of phytoliths that has two or more lobes connected by a shank, whereas the term 'bilobate' refers only to the largest subgroup, known formerly as 'dumbbell', that has two lobes connected by a shank.
In this paper, we propose a classification system for all lobate grass phytoliths, although our research and discussion will focus on the bilobate types. For the taxonomy and nomenclature of grasses in China and the United States, we follow the Institute of Botany, Chinese Academy of Sciences (1977) and Gould & Shaw (1983) , respectively.
MATERIALS AND METHODS

Samples of modern grass plants for phytolith analysis
Leaves, culms and inflorescences from 250 species of modern grass plants in China (tropical, subtropical and temperate forests, grasslands) and the subtropical Atlantic and Gulf coasts of the south-eastern United States (salt marshes, freshwater marshes, sand dunes and forests) were collected for phytolith analysis. The rationale for including samples from both China and the United States in this study is to ensure that our observations and conclusions have wide application and are not limited to only one geographical region. These 250 grass species include the representatives of all six subfamilies (Pooideae, Panicoideae, Chloridoideae, Bambusoideae, Oryzoideae and Arundinoideae) according to the classifications of the Institute of Botany, Chinese Academy of Sciences (1977) and Gould & Shaw (1983) . Among these, 85 species, belonging mainly to the subfamily Panicoideae, contain lobate phytoliths. Panicoideae has about 32 genera and 325 species in the United States, and 190 genera and over 900 species in China (Institute of Botany, Chinese Academy of Sciences, 1977; Gould & Shaw, 1983) . Some of the lobate phytoliths presented in this study, however, come from the subfamilies Oryzoideae, Chloridoideae, and Arundinoideae (Tables 1 and 2 ). It should be pointed out that the classification and nomenclature of grass subfamilies have recently been revised (GPWG, 2001) . More studies are needed in the future to adapt our phytolith classification to the new classification system of grass subfamilies. 
Classification of lobate phytoliths
Lobate phytoliths are originated from the short cells of grasses with identifiable shape characteristics. Metcalfe (1960) identified three types of dumbbell or bilobate phytoliths. The Panicoid division in Twiss's classification is composed of 11 types of dumbbells and crosses (Twiss et al., 1969) . Brown (1984) recognized bilobates, polylobates and crosses. proposed the lobate class to denote phytoliths with definite lobes, including the cross, sinuate and dumbbell types. Based on our observation and statistics of the lobate phytoliths from 85 species of modern grass plants, we found that two important parameters can be used to characterize the morphological variations in lobate phytoliths: (1) the shape of the outer margins of the two lobes and (2) the length of the shank in the lobate structure (Fig. 1) . These two parameters are relatively stable among different Panicoideae plants. We develop a lobate classification matrix based on these two criteria (Fig. 2 ). Pearsall (Pearsall, 1978) and cross-shaped three-dimensional structures (Piperno, 1984) .
The first criterion is the shape or outline of the lobe. We divide lobate phytoliths into A, B, C, D and E types based on the characteristics of ridged lines, rounded, truncated, concave and branched outer margins, respectively (Fig. 2) . Type A has ridged lines running longitudinally along the whole length of the phytolith. The lines may be radiating towards the distal ends of the lobes. The shank is often wide and sturdy, connecting two indistinct lobes. The outline of the lobes has obvious edges and corners. Types B is characterized by having smooth and generally round outlines on the two lobes. In type C, the distal ends of the two lobes are truncated, forming a generally straight edge. In type D, the distal ends of the lobes are slightly indented, forming a smooth, concave curve. In type E, the distal ends of the lobes are deeply indented or distinctly branched. Type F is characterized by having multiple lobes.
The second criterion is the length of the shank (a) relative to the length of lobes (b) (Fig. 1) . Four types are recognized:
Type 1: a < 1/3b Type 2: 1/3b < a < b Type 3: a ≈ b Type 4: a > b
We divide lobate phytoliths into 20 types according to the combination of these two criteria. In addition, for the shapes of two half-lobes, three lobes, three lobes with radiation lines, more than four lobes and beaded lobes, we group them under a special category, type F, which consists of five subtypes (designated by lower-case letters a-e, respectively) according to the number of lobes present. Thus type F encompasses the trilobate and polylobate types that have been recognized widely in previous studies (Brown, 1984; Piperno, 1988) . Altogether, there are 25 morphological types of lobate phytoliths in our classification system (Fig. 2) .
The above classification is based on a twodimensional view of phytolith shape, assuming that a perfect lateral view of the phytolith can be observed and measured. It should be pointed out that phytolith, like pollen, is not a two-dimensional object. In reality, phytoliths may be tilted at an angle from the viewer while being observed under the microscope. Consequently, great care must be exercised in observing and describing phytolith shapes. Fortunately, because phytoliths are translucent or transparent, we can recognize the structure or shape of the reverse side without having to turn over the specimen under observation. However, in order to avoid misclassification due to imperfect angles of observation it is important to use liquid mount in making phytolith slides, which allows rotation of object and more accurate measurement of lobe shape and shank length. Figure 3 shows the relative abundance of different lobate phytolith types found in each of the 85 grass species. The identified morphotypes are illustrated in Fig. 4 . (Fig. 3, no. 43 ). Type B are phytoliths with smooth rounded lobes. B1 occurs in many species of grasses, but its abundance in each species is relatively low (< 35%) compared to that of B2 and B3. Representative species of B2 are Aristida desmantha (Fig. 3, no. 10 ), Saccharum sinensis (sugar cane, Fig. 3 , no. 43), Sorghum vulgare (kaoliang or sorghum, Fig. 3 , no. 65), Saccharum arundinaceum, Miscanthus floridulus and Miscanthus sinensis (Fig. 3, nos 69 , 70, 71). They grow typically in fields and roadside habitats or in warm and humid environments. Representatives of B3 are Setaria glauca (Fig. 3, no. 8 ), Aristida desmantha, Pennisetum alopecuroides, P. purpureum and Panicum notatum (Fig. 3, nos 10 , 11, 12, 13). They grow mainly on the hillsides, roadsides and dry sand dunes of relatively dry environments. B4 is an uncommon type that occurs only at relatively low frequencies in a few taxa.
RESULTS
Type C, a phytolith with truncated margins at both ends of its lobes, has the largest number of representative plants. To some extent, C1 may be considered to be diagnostic of the Oryzoideae subfamily, occurring abundantly in such species as Oryza sativa (paddy rice), Leersia hexandra (wild rice), Zizaniopsis miliacea and Z. caduciflora (water bamboo) (Fig. 3, nos 35-38) . Among other grasses, only Panicum amarum (Fig. 3, no. 83 ) of the Panicoideae subfamily, a typical aquatic and hygrophytic species, produces this type of phytoliths in significant abundance. C2 is well represented in a large number of grass taxa that notably include Panicum bisulcatum, P. virgatum, Sorghum halepense (Fig. 3, nos 56 , 64, 63) Saccharum officinarum, Miscanthus floridulus and M. sinensis, among others. These grasses are distributed widely in East China; most are hygrophytes and mesophytes. C3 is found in a smaller range of grasses than C2, but it occurs in great abundance in several taxa including, for example, Digitaria sanguinalis var. ciliaris, Dimeria ornithopoda, Chasmanthium laxum, Andropogon glomeratus (Fig. 3, nos 14-17) , Erianthus strictus, Sorghastrum nutans and Imperata cylindrica. These are mainly heliophytes and drought-enduring mesophytes and xerophytes, growing typically on mountain slopes in both southern and northern China, and on forest edges and disturbed areas of pine woodlands and prairie regions in the United States. The C4 group is basically diagnostic of Eragrostis japonica and E. ferruginea (Fig. 3, nos 26, 27) , as well as Schizachyrium brevifolium (Fig. 3, no. 25) . The genus Eragrostis, a member of Chloridoideae, is found typically in areas of warm and dry climatic conditions. Type D is phytoliths with concave margins at the end of the lobes. There are only a few representative plants of D1 (Leersia oryzoides, Zizaniopsis miliacea and Anthaenantia rufa (Fig. 3 , no. 62) and D4 (Cymbopogom goeringii and Ctenium aromaticum (Fig. 3, nos 40, 41 ). The representatives of D2 are Leersia oryzoides, Zizania caduciflora, Microstegium vimineum var. imberbe and Leptochloa chinensis, which grow mainly in roadside wet ditches, stream channels and other wet habitats such as lakeshores. D3 phytoliths occur most abundantly in Setaria (S. faberi, S. plicata and S. palmifolia; Fig. 3 , nos 5, 6, 7) and Arundinella setosa (Fig. 3, no. 4) , species found typically in warm and wet subtropical environments.
Type E is phytoliths with branched outer margins at the end of the lobes. E1 is a typical crossshape, the size and shape of which is somewhat variable. This type of phytolith occurs predominantly in a number of species that include (although not restricted to) some important agricultural crops in the temperate and tropical regions of the world, such as Zea mays (maize), Coix lacryma-jobi (Job's tears), Saccharum sinensis (sugar cane) and Sorghum vulgare (kaoliang or sorghum) (Fig. 3, nos 77, 75, 67, 65 ). E2 occurs abundantly only in Coix lacryma var. ma-yuen (Job's tears), a crop cultivated commonly in China. Incidentally, Coix lacryma var. ma-yuen and other members of the Maydeae subfamily produce only the E2 and E1 phytoliths. E3 can be found in many plants, but by itself is diagnostic of none. No E4 phytoliths were found in our samples in this study, although this morphotype has been observed in fossil assemblages (H.Y. Lu, unpublished data). It is worth noting that lobate phytoliths are also found in a few Chloridoideae plants, for example, in Leptochloa chinensis (C2), Eragrostis japonica and E. ferruginea (C4). More studies are needed on these non-Panicoideae grasses that produce lobate phytoliths.
DISCUSSION
Morphological variations in lobate phytoliths from C3 grasses
Early phytolith researchers noted that the different subfamilies of grass plants produce different phytolith shapes: Panicoideae produces dumbbell and cross-shaped phytoliths; Festucoid forms rondels and sinuous types, and Chloridoideae yields saddles (Brown, 1984; Mulholland, 1989; Fearn, 1998) . The shape of individual phytoliths from grasses can be used as an indication of C3 or C4 photosynthetic pathways. For example, saddle phytolith indicates C4 'short-grass prairie' species that flourish in warm, arid to semi-arid regions where the available soil moisture is very low, whereas dumbbell and cross phytoliths represent the grasses of the C4 'tall-grass prairies', which have high to medium soil-moisture availability (Twiss, 1992) .
In this study, we found that several C3 grasses (Waller et al., 1979; Gould & Shaw, 1983; Lu & Wang, 1991) 
Morphological variations in lobate phytoliths from Chloridoideae
Lobate phytoliths from the Chloridoideae subfamily have been reported by Brown (1984) and Mulholland (1989) . In this study, many variations in lobate phytoliths were observed in Chloridoideae (including Eragrostis japonica, E. ferruginea, Ctenium aromaticum, Aristida desmantha and Leptochloa chinensis).
Eragrostis japonica, E. ferruginea and Ctenium aromaticum produce different phytolith assemblages in which 40-98% of the lobates are C4 and D4 types with very a long shank between the lobes (Fig. 3, nos 26, 27, 41) . These species are distributed widely in warm and arid regions. B2 and B3 types are the dominant phytoliths of Aristida desmantha (Fig. 3 , no. 10) that also belongs to the Chloridoideae subfamily (or the Arundinoideae subfamily according to the classification system of Watson et al., 1985) . The sample of Aristida desmantha was collected from dry sand dunes on the Georgia coast of the United States. Leptochloa chinensis (Fig. 3 , no. 33) yields only two phytolith types: D2 (83%) and D3 (17%).
Can we infer grass genera from lobate phytolith assemblages?
The classification of phytolith shapes has long been criticized due to the multiplicity and redundancy of many grass morphotypes -a problem preventing the attribution of individual phytolith to species or genus (Rovner, 1971; Brown, 1984; Mulholland, 1989) . Because the same shapes of phytoliths can occur in different grass taxa, a single phytolith morphotype cannot be ascribed to a specific grass species. However, a phytolith assemblage could, to some extent, allow us to infer the predominant subfamily constituting the grass associations. Recently, many researchers have paid particular attention to this specific taxonomic problem of redundancy for grass phytolith classification. They indicated that it would never be possible to eliminate all redundancies at the subfamily level, much less for genus (Fredlund & Tieszen, 1994) .
In this study, we tried to find a potential relationship between the morphological variations in lobate phytoliths and the grass genera that produce them (Fig. 3, Table 3 ). We found some interesting patterns in several cases, as follows. Three grass plants belonging to the genus Setaria (S. faberi, S. plicata, S. palmifolia) were defined by a high abundance of D3 type. The two species of Eragrostis (E. japonica, E. ferruginea; subfamily Chloridoideae) produce almost exclusively the C4 type of lobate phytoliths. Zizania caduciflora, Oryza sativa, Leersia hexandra, L. oryzoides and Zizaniopsis miliacea, all belonging to the subfamily Oryzoideae, produce a significant amount of C1 and, to some extent, D2 types of lobate phytoliths. Miscanthus yields primarily B2 and C2 types of phytoliths. Maydeae (Coix lacrymajobi, C. l. var. ma-yuen, Zea mays) yields only E1 and E2 (cross) types. Remarkably, the three species of Saccharum (S. sinensis, S. officinarum and S. arundinaceum) produces different lobate phytolith assemblages (Fig. 3) . Saccharum sinensis (sugar cane), in particular, is characterized by the codominance of E1 (54%) and B2 (29%) types, whereas S. officinarum is characterized by the codominance of C2 (35%) and C3 (24%) types, and S. arundinaceum by the preponderance of B2 (51%) mixed with some E1 and B1.
Unfortunately, not all lobate phytolith assemblages have a definite and consistent relationship with the grass genera that produce them, because grasses only produce a limited range of lobate phytoliths, which often overlap from genus to genus. Moreover, the relatively limited sample size in each genus used in this study prevents us from generalizing the characteristics of lobate assemblages for all grass genera.
Morphological changes in lobate phytoliths along an environmental gradient
Although different parts of plant body from one species often contribute different lobate phytoliths to an assemblage, many grasses do produce predominantly a specific phytolith type recognizable by distinct shape, sculpture or size that can be assigned to a given taxon at various levels. Morphological variations in phytoliths can be produced by both botanical and environmental factors (Mulholland et al., 1988) . Thus, it is possible to discuss the morphological changes in lobate phytoliths along environmental gradients.
As shown in Fig. 3 , the representatives of C1 are Oryzoideae that typically consist of aquatic and hygrophytic grasses. The principal members of B1 type are the grasses frequently growing in wet areas and on lakeshores, such as Echinochloa crusgalli (Fig. 3, no. 80 ) and Paspalum dilatatum (Fig. 3, no. 81) . Grasses from the Chloridoideae subfamily (e.g. Eragrostis) and Panicoideae subfamily (e.g. Cymbopogom goeringii, Ctenium aromaticum; Fig. 3, nos 40, 41 ) that grow in dry conditions produce predominantly C4 and D4 phytoliths. Grasses of the Maydeae subfamily, found typically in warm and moist areas, yield predominantly the cross phytoliths of E1 and E2 types. The representative grasses of B3 and B4 types (e.g. Setaria glauca, Aristida desmantha, Pennisetum alopecuroides; Fig. 3 , nos 8, 10, 11) grow mainly in drier habitats such as hillsides, road sides and sand dunes of arid regions.
As a first-order generalization, it seems that the progression from type 1 to type 4 represents an environmental gradient of decreasing moisture (i.e. from wet to dry). In other words, grasses growing in drier habitats or environments tend to produce phytoliths with a longer shank and vice versa. The environmental significance of the progression from types A-E is less clear at this point.
What is the cause of morphological variability in lobate phytoliths? Is it environmental phenotype or genotype? Wang & Lu (1993) compared morphological changes in short cell phytoliths from the same species of grasses growing in different environmental conditions in China. They showed that phytolith shapes are relatively stable, but sizes can change slightly. Piperno (1988) suggested that phytoliths formed in the short cells of the grass epidermis are under a considerable degree of active genetic control. To date, no strong evidence can be found from our data to resolve the question of whether phytolith shapes are phenotype or genotype.
Regardless of the cause of morphological variations, our study suggests that in some ways phytolith morphology could be linked to grass taxonomy (e.g. C1 is diagnostic of Oryzoideae). As many grass taxa tend to have certain typical environmental adaptations (e.g. Oryzoideae occurring typically in wet habitats), it may be possible to use phytolith morphology as a proxy for environmental conditions. More work is needed to substantiate this point.
CONCLUSIONS
This study documents the variability of 25 diagnostic lobate phytolith shapes occurring among 85 modern grass species collected from a variety of environments in China and the south-eastern United States. We propose a classification that is based on two important morphological parameters: the length of the lobate shank and the shape of the outer margin of the two lobes. These two morphological characteristics are relatively stable among the 85 modern grass species belonging to the Panicoideae, Chloridoideae, Oryzoideae and Arundinoideae subfamilies. In some cases, the identification of tribe or even genus is possible based on the differences in lobate shape parameters or the composition of assemblages. However, we should point out that not all of the lobate assemblages have a consistent and definite relationship with the genera that produce them. This is because grasses can only produce a limited range of lobate shapes, and there is often considerable overlap from one genus to another.
In this study, we found that several C3 grasses of the Oryzoideae subfamily produce characteristic lobate morphotypes, which are characterized by a high proportion of C1 and D1 types and by a very short shank between the lobes. Other C3 grasses from Panicoideae produce characteristic A1 and A2 types with ridged lines and F type with multiple lobes.
The Chloridoideae subfamily produces lobate assemblages in which 40-98% of phytoliths are C4 and D4 types with a very long shank between the lobes. This group of grasses is widely distributed in warm and arid regions.
We also found that the variations of lobate morphologies can be related to environmental factors, especially moisture. Typical hygrophytic grasses tend to yield lobate phytoliths with a very short shank, whereas typical xerophytic grasses tend to produce lobate phytoliths with very long shank. This relationship, if supported by additional studies of lobate phytoliths derived from more grass species and from a wider range of environmental conditions, offers potential for using phytoliths in palaeoclimatic reconstruction.
